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HAMSTRINGS FATIGUE FOR ANTERIOR CRUCIATE LIGAMENT (ACL) 
REHABILITATION 
Shiqi Yu 
Thesis Chair: X. Neil Dong, Ph.D. 




Persistent quadriceps weakness in individuals with anterior cruciate ligament 
reconstruction (ACLR) has been attributed to arthrogenic muscle inhibition (AMI), which 
is partially due to the reciprocal inhibition of the quadriceps with the over-excitation of 
the hamstrings. The objective of this study was to investigate the effectiveness of the 
hamstrings fatigue immediately prior to quadriceps strength training on reducing AMI. 
Eight subjects with ACLR (time since injury: 46.5±23.6 months, age: 21.4±1.4 years) 
and eight healthy subjects (age: 22.5±2.7 years) with no previous history of knee injury 
participated. All subjects completed a single session of exercise intervention including 
10-mins hamstrings vibration before performing three sets of 10 leg extensions (~20-30% 
1-RM) with blood flow restriction through an inflated thigh blood pressure cuff. The 
central activation ratio (CAR) of the quadriceps, the normalized peak torque of knee 
extension at maximum voluntary isometric contraction (MVIC), and the co-contraction of 
the hamstrings during knee extension MVICs were measured by force load cell and 
Electromyography (EMG) before and after the exercise protocol.  
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  By using mixed ANOVA, the ACLR group showed significantly less quadriceps 
CAR (93±6% versus 98±1%, p=0.05) and higher co-contraction of the hamstrings 
(15±2% versus 7±2% , p=0.01) at the baseline, compared with the control group. The 
intervention exercise significantly increased quadriceps CAR ( 98±3%, p=0.001) and 
decreased hamstrings co-contraction (10±1%, p=0.006) in the ACLR group, but not the 
control group. Normalized peak torques of knee extension (p=0.3) at MVICs did not 
significantly change for both ACLR and control groups for a single session of exercise 
intervention. 
      Therefore, vibration-induced hamstrings fatigue can be used to reduce the over-
excitation of the hamstrings and disinhibit the quadriceps after ACLR. Future studies 
may investigate the effectiveness of a training program with multiple sessions of 





Introduction and General Information 
  Muscles dysfunction after ACL Injury 
      Injuries to the anterior cruciate ligament (ACL) are common with approximately 
80,000 people in the USA experienced ACL rupture each year which involves sudden 
stops and changes in direction, especially for young athletes (Griffin et al., 2000). Current 
estimates indicate that rupturing the ACL leads to OA 5-20 year after injury, “aging” the 
knee by approximately 30 years with biomechanical abnormalities (Felson et al., 2000). 
The early onset of OA after ACL injury presents a clinical conundrum, as treatment 
strategies used for older adults (i.e., joint replacement, restriction of activity) are not 
appropriate or acceptable for the younger patient.  
   Quadriceps function has been widely studied relative to Anterior Cruciate 
ligament(ACL) reconstruction, both as a source of persistent impairment and as a 
contributing factor to subsequent knee-joint injury (Oiestad, Juhl, Eitzen, & Thorlund, 
2015) and is traditionally treated with resistance training (Fransen & McConnell, 2008). 
Improving quadriceps strength has been hypothesized to affect locomotor biomechanics 
in a way that would benefit energy attenuation at the knee joint (Palmieri-Smith, Thomas, 
& Wojtys, 2008). Unfortunately, a meta-analysis has demonstrated that traditional 
resistance training only produces minimal improvements in pain reduction and disability 
(Fransen et al., 2008). The gradual decline in quadriceps strength has been partly 
attributed to the impairment in the central nervous system’s ability to fully volitionally 
activate the muscle, termed failure of voluntary activation or arthrogenic muscle 
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inhibition (AMI) (Hassan, Mockett, & Doherty, 2001). Such a failure in voluntary 
activation suggests that motoneuron pool is not being maximally activated, and may 
occur as a consequence of joint pain, effusion, joint damage, decreased motivation or fear 
of further joint injury (Hurley, 1999). On the other hand, with regard to one of the spinal 
reflex pathways, enhanced flexion reflex leads to both extensor inhibition and flexor 
facilitation (Lundberg, Malmgren, & Schomburg, 1978).  
    Several studies have reported that individuals who have undergone ACLR exhibit 
increased hamstring activation and co-contraction of the quadriceps and hamstring 
muscles (Ferber, Osternig, & Woollacott, 2002). Generally, patients tend to utilize 
relatively limited quadriceps recruitment and prolonged and/or relatively high hamstring 
muscle recruitment (Benedetti et al., 2003).  
   Knowing that the neural contributions (i.e. AMI) have the potential to influence 
quadriceps muscle strength following injury allows for further investigation into the 
modalities proposed to target these neural pathways. Based on the fact that over-excited 
hamstring may override the neural excitation of the quadriceps at the expense of 
quadriceps strength gain, we propose to supplement traditional quadriceps resistance 
training with modalities directed at removing quadriceps inhibition. 
Purpose 
     The positive effects of strength training on the development of muscle activation and 
strength is still an integral part of most rehabilitation protocol (Kristensen & Franklyn-
Miller, 2010) . Considering that quadriceps weakness after ACLR has been associated 
with greater hamstring co-contraction, both muscles groups should be targeted in 
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postoperative rehabilitation. The purpose of this investigation was to measure the 
influence of hamstring fatigue immediately prior to low-loads blood flow restricted 
resistance training (i.e., leg extension) on the quadriceps and hamstring response to 
exercise by comparing subjects with a history of ACLR to healthy subjects.  
Hypothesis and Specific Aims 
   We hypothesized that CAR of quadriceps in ACLR subjects are less than normal 
activation (<95%) and both CAR and peak torque of quadriceps are significantly lower 
than those of the control group. Additionally, hamstrings co-contraction is significant 
higher in the ACLR group than that in the control group. More importantly, hamstring 
fatigue followed by low-loads blood flow restricted resistance training is effective to 
improve quadriceps activation and strength with inhibited hamstring activation, strength, 
and co-contraction. 
    We plan to test our central hypothesis and accomplish the objective of this application 
by pursuing the following specific aims: 
Aim 1: Determine peak torque and CAR of the quadriceps using a custom-designed chair 
coupled with a load cell to measure the torque and delivering a constant current 
stimulation simultaneously during maximal isometric knee extension. 
  We expect that at the baseline, CAR of quadriceps of ACL-injured legs are significantly 
lower than 95% and peak torque of quadriceps are significantly lower than that in control 
group. After the intervention, CAR of quadriceps will increase above the 95% and peak 
torque will significantly increase whereas little or no significant change in each variable 
in the control group.  
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Aim 2 : Determine the hamstring CAR and peak torque by monitoring muscle torque 
while delivering eletrocutaneous stimuli to the hamstring using a constant current 
stimulator during maximal isometric hamstring contraction. 
   We postulate that 10-15 minutes of hamstring vibration is effective to decrease 
hamstring CAR and peak torque in both groups so that the hamstring excitability and 
strength have been reduced before resistance training.  
Aim 3: Determine the degree of hamstring co-contraction by monitoring hamstring 
activation with surface electromyography(EMG) while doing the maximal isometric knee 
extension and hamstring contraction.  
   We expect that the hamstring co-contraction is higher in the ACLR group than the 





Literature Review  
Anterior cruciate ligament(ACL) injury 
  Injuries to the anterior cruciate ligament (ACL) are common with approximately 80,000 
people in the USA experienced ACL rupture each year which involves sudden stops and 
changes in direction, especially for young athletes (Griffin et al., 2000). With a financial 
cost of up to $17 billion and a significant amount of lost time due to rehabilitation each 
year (Mather, Koenig, & Kocher, 2013), many individuals report long-term disability 
after ACL reconstruction (ACLR). Surgical ACL reconstruction (ACLR) and therapeutic 
rehabilitation are often pursued to re-stabilize the knee and improve physical 
performance (Oiestad, Holm, & Aune, 2010). As many as one-third of patients will not 
return to their preinjury levels of activity (Ardern, Webster, Taylor, & Feller, 2011) and 
among those who do, prospective data support the dramatically increased incidence of a 
second ACL injury to the ipsilateral or contralateral limb within 2 years of reconstruction 
(Myer, Paterno, Ford, Quatman, & Hewett, 2006). Of additional concern is the high 
prevalence of posttraumatic knee-joint osteoarthritis (OA), in which radiographic signs 
appear as early as the first decade in more than one-third of patients after reconstruction 
(Luc, Gribble, & Pietrosimone, 2014). OA secondary to ACL injury tends to afflict a 




Persistent quadriceps weakness 
   Recent reviews (Ingersoll, Grindstaff, Pietrosimone, & Hart, 2008 ; Palmieri-Smith et 
al., 2008) have highlighted the magnitude and significance of quadriceps strength deficits 
that can persist long after ACLR, and previous investigations have shown that quadriceps 
activation is related to strength in ACL deficient (Williams, Buchanan, Barrance, Axe, & 
Snyder-Mackler, 2005) and has long been suggested as a contributor to quadriceps 
strength deficits following ACLR (Hart, Pietrosimone, Hertel, & Ingersoll, 2010). 
Quadriceps voluntary activation (Central Activation Ratio), spinal-reflexive excitability 
(Hoffman reflex normalized to maximal muscle response, H:M) and corticospinal 
excitability (i.e., active motor thresholds) significantly predicted nearly half (49%) of the 
variance associated with quadriceps strength in 29 individuals with ACLR (Lepley, 
Ericksen, Sohn, & Pietrosimone, 2013). Among these three predictor variables for the 
ACLR group, voluntary quadriceps activation had the greatest contribution to quadriceps 
strength (r=0.78, P<0.001). Additionally, changes in voluntary activation over the course 
of a therapeutic-exercise program in patients with OA have explained changes observed 
in quadriceps strength (Deschenes, Giles, McCoy, Volek, Gomez, & Kraemer, 2002). It 
is physiologically logic to say that a relatively small change in voluntary activation may 
produce a much larger change in strength as reduced voluntary activation is thought to 
decrease the recruitment and/or firing rate of alpha motor neurons, thus decreasing force 
production of the musculature (Hopkins & Ingersoll, 2000). 
   Morphology of the muscle has also been attributable to the muscle strength. Previous 
research has demonstrated in ACL deficient (Williams et al., 2005) populations that the 
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combination of voluntary muscle activation and muscle cross sectional area can account 
for up to 85% of the variance in quadriceps strength. Although muscle atrophy may be an 
important component to strength loss, these studies report that neural alterations 
contribute to nearly twice as much muscle atrophy dose to strength deficits. In agreement, 
previous investigations have demonstrated that following two to six weeks of muscle 
unloading (Deschenes et al., 2002), a typical non-weight bearing time frame following 
ACLR, strength decrements can be better explained by neural factors as opposed to 
muscle size or fiber type.  
   Diminished activation has been implicated as a contributing factor in preventing rapid 
and full recovery of quadriceps femoris muscle force following anterior cruciate ligament 
reconstruction (Morrissey et al., 2010). Ryan et al (2000) reported that the best predictor 
of quadriceps femoris muscle force production was the CAR. This relationship 
emphasizes that subjects who manifested the greatest decrease in muscle force following 
surgery also display the greatest inhibition. Also, by assessing voluntary activation and 
force production in 52 patients with osteoarthritis, they found out that volitional 
activation was highly correlated with knee extension force production (r2=0.65). Thus, 
early intervention focused at improving quadriceps femoris muscle voluntary activation 
may improve efforts to restore muscle force.  
    Overall, these findings reinforce previous recommendations (Palmieri-Smith et al., 
2008) that rehabilitation strategies used to target neural alterations would be beneficial 




Central activation ratio(CAR)  
   Knent-Braun and Blanc (1996) outlined a way to express the level of central activation 
using the burst superimposition technique by calculating the central activation 
ratio(CAR). The CAR is the ratio of the force produced by muscles from a maximal 
voluntary contraction to the force after the burst superimposition or twitch interpolation. 
  Force-based measures of quadriceps activation have been used to determine the 
proportion of the quadriceps motor neuron pool that can be volitionally activated, 
including superimposed burst technique (SIB) (Snyder-Mackler, De Luca, Williams, 
Eastlack, & Bartolozzi, 1994 )and the interpolated twitch technique(ITT) (Behm, St-
Pierre, & Perez, 1996). If a portion of the quadriceps is inhibited, external stimulation 
will cause a force-producing contraction that is greater than the volitional contraction. 
Quadriceps with more than 95% volitional activation have been defined as being fully 
activated., while CAR less than 95% is defined as quadriceps activation(QA) failure.  
   The technique of twitch interpolation was used by Urbach, Nebelung, Becker and 
Awiszus (2001) to evaluate QA deficits of 12 male subjects with an isolated tear of the 
ACL before operation and two years after reconstruction. Among the subjects, additional 
extension torque was elicited at MVC by the interpolated twitch represented a CAR of 72 
% on the injured side while of 96% on the matched control subjects. After two years, 
CAR improved to 85% but remained lower than the controls. Joseph et al. (2010) 
observed the same prevalence of QA failure in younger patients who were on average 14-
85 months post-revision ACL reconstruction, a strong, negative correlation (P=0.02) 
between CAR and patellofemoral joint osteoarthritis was observed compared with the 
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elderly. It is reasonable to expect poor quadriceps muscles outcomes in patients who are 
unable to fully contract during controlled rehabilitation exercises. 
Mechanisms of arthrogenic muscle inhibition(AMI) 
   Quadriceps activation failure after ACLR is not simply an isolated local phenomenon 
related to atrophy. Many authors described its synchronous occurrence in both 
reconstructed and contralateral limbs (Urbach et al., 1993). This has been attributed to 
arthrogenic muscle inhibition(AMI), a process in which quadriceps activation failure is 
caused by neural inhibition. It is generally accepted that AMI is caused by a change in the 
discharge of sensory receptors from the damaged knee joint (deAndrade, Grant, & Dixon, 
1965). Abnormal afferent discharge from the knee may alter the excitability of reflex 
pathways within the spinal cord, which in turn reduce the excitability of the quadriceps a-
motoneuron pool and prevent supraspinal centers from fully activating the muscle 
(Hurley, 1997).  
    Anomalous joint afferent discharge may have powerful effects on the central nervous 
system, influencing the excitability of multiple signal and supraspinal pathways that 
combine to limit activation of the quadriceps muscles. During first few months after 
injury or surgery, AMI may be severe and quadriceps strengthening protocols can be 
largely ineffective. Despite resistance training, quadriceps strength may remain 
unchanged or even decline significantly(Stevens, Mizner, & Snyder-Mackler, 2003). 
Based on the available evidence, it appears that severity of AMI is time-based, which is 
the most severe in the first few days after joint damage before reducing somewhat, 
plateauing in the medium term(up to 6 months), and then slowly declining in the longer 
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term(18-33 months). However, notable levels of AMI may possibly be present several 
years after joint damage(Urbach et al., 2001). 
     Several potential mechanisms of AMI have been proposed, including alteration in 
muscle resting motor thresholds, changes in the discharge of articular sensory receptors, 
altered spinal reflex excitability( affecting the group I non-reciprocal inhibitory pathway, 
the flexion reflex and the gamma loop) (Rice & McNair, 2010) and abnormal cortical 
activity (intra-cortical inhibition and a requirement for greater frontal cortex theta power 
in basic movement and joint position sense tasks) (Baumeister, Reinecke, & Schubert, 
2011). Among the three spinal pathways mechanism of AMI (i.e., Group I nonreciprocal 
inhibitory pathway, flexion reflex, and Gamma-loop), the flexion reflex is a polysynaptic 
pathway that typically produces a pattern of flexor facilitation and extensor 
inhibition(Lundberg et al., 1987).  
     A consequence of articular inflammation and the resulting barrage of group III and IV 
afferent input is that wide dynamic range neurons become hyper excitable (Neugebauer 
& Schaible, 1990), which is known as central sensitization and is characterized by long-
lasting plastic changes in synaptic efficacy. This enhanced activity in response to 
innocuous and noxious stimulus applied to knee is a concern which amplifiers the 
facilitation of the flexor muscles and the reciprocal inhibition of the extensor muscles 
(Stokes & Young, 1984). Leroux and coworkers (Leroux, Belanger, & Boucher, 1995) 
examined the relationship between keen joint pathology and flexion reflex excitability. 
Compared with healthy controls, significantly lower flexion reflex thresholds were found 
in patients with anterior knee pain, probably inferring an amplified excitability of this 
11 
 
pathway. Importantly, these authors showed that activation of the flexion reflex produced 
concomitant inhibition of the quadriceps during isomeric contraction of the knee 
extensors.  
   In the intact knee joint, activation of agonist quadriceps muscle generates power in 
activities of daily living(ADLs), where central command concurrently also activates the 
hamstrings (i.e., ligament-hamstring reflex arc) (Hansen, Hansen, & Christensen, 2002). 
However, their coordination is controlled by spinal reflex where reciprocal inhibition 
modulating the amount of coactivity and knee loading. This “coping strategy”, if persist, 
would be a “maladaptation” (Hortobagyi et al., 2005) when the over-excited hamstring 
and inhibited quadriceps interrupts their normal activation pattern. 
Coactivity of Hamstring and Quadriceps  
   Several studies have reported that persons who undergone ACLR exhibit increased 
hamstring co-activation during various functional activities, such as walking, running, 
and landing from a jump (Ferber et al., 2002; Ortiz, Olson, & Libby, 2008;Vairo et al., 
2008). Although this muscle recruitment strategy in post-ACLR is hypothesized to be 
protective by increasing joint stability and decreasing the anterior shear loads at the knee 
(Ortiz et al., 2008), the long-term increased muscle co-contraction has been shown to 
increase the tibiofemoral compressive force as shock attenuation in a stimulated ACL-
deficient knee model(Liu & Maitland, 2000) and reduce knee flexion(Lewek et al., 2002; 
Webster, Gonzalez-Adrio, & Feller, 2004). 
   On the other hand, greater hamstrings co-activation during knee extension reduces the 
net knee-extensor torque, i.e., the moment generated by the agonist muscles minus that of 
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the antagonist muscles and may confound the interpretation of quadriceps rehabilitation 
in individuals with ACLR. Krishnan and Williams (2010) reported that counter-moment 
associated with hamstring activity during isometric knee extensor strength test is about 
10% of peak torque values produced when the muscles are agonists. This antagonist 
muscle activity may be problematic as the associated moments may lead to measurement 
error resulting in an underestimation of the knee strength when doing quadriceps strength 
training or assessing the quadriceps strength when prescribing to return-to-sport.   
   Secondly, with untreated co-activity, knee muscles of ACLR patients prefer a 
heightened antagonist coactivity as a balance-maintaining strategy that was virtually 
absent. This may eventually result in reduced effort to turn on and off tonic muscle 
activity (Hasan, 1986). The current analysis (Paul et al., 2016) revealed that the 
hamstring activity was intensified in OA at least 100 milliseconds before heel strike, 
which is similar to the result from Hortobagyi and DeVita (2000) that almost three-fold 
higher hamstring muscle activation in OA compared with young adults in activities of 
daily living.  
     It is well established that widespread areas of cortex are involved in the planning and 
execution of these movement as indicated by the pre-movement brain potentials (Libet, 
Gleason, Wright, &Pearl,1983) and the postulated increased coactivity is in fact a 
secondary manifestation of the greater global muscle activity already present prior to the 
motor phase, which is similar to that of the elderly people with inability of recruiting 
muscles accurately and optimally. The finding that elderly compared to young subjects 
contact the ground with a straighter limb position prior to ground contact (Libet et al., 
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1983), which is similar to the strategy of ACLR patients. This functional goal of the 
increased coactivity is to compensate for the many neuromotor impairments, including 
reduced muscle strength, slower rate of tension development, and miscued limb 
positioning(Libet et al., 1983). 
    To our knowledge, current treatment strategies, especially strength training targeted to 
quadriceps, tend to focus on quadriceps themselves(Rice & McNair, 2010), whereas 
over-excitation of the hamstrings has not yet been addressed. To fill this gap, protocols 
should be designed not only to improve maximal quadriceps strength but also to enhance 
the ability to accurately control the recruitment and decruitment of synergistic muscles 
and antagonistic muscles pairs in single and multi-joint movements (Hurley, 2003).   
Treatment strategies for AMI 
    After finding out the neural mal-adaption, promoting neuronal plasticity and the 
consequent recovery become the aim to achieve the orchestrated activation of neuronal 
circuitries. Thus, using electrical stimulation (i.e., disinhibitory intervention) therefore 
has been considered as a straight forward approach to specifically alter motor excitability. 
Recently, several clinical studies have suggested disinhibitory interventions for AMI to 
alter excitability after joint injury for the purpose of improving voluntary quadriceps 
activation (Hopkins et al., 2000) including Neuromuscular electrical stimulation (NMES), 
Transcutaneous electrical nerve stimulation (TENS), and Transcranial Magnetic 
Stimulation (TMC). By providing a higher frequencies expressly to produce quadriceps 
muscle tenancy and contraction, NMES and TENS techniques target mechanoreceptors 
locally at the injured joint, targeting the peripheral nervous system at points either 
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proximal or distal to the injured joint (Harkey, Gribble, & Pietrosimone, 2014). These 
torque-based measurements compare volitional recruitment, with the theoretical 100% 
recruitment achieved via electric stimulation.  
    At present, electrical techniques still encounter various challenges. On the one hand, 
the ultimate goal for rehabilitation is directed to improve the neural circuit to maximally 
recruit motor units (Kent-Braun & Le Blanc, 1996). With inherent principles, those non-
physiologically induced muscle activation from electrical stimulation tends to be an 
alteration of the normal recruitment order and unnatural simultaneous activation of motor 
units (Harkey et al., 2014). In addition, the intensity of stimuli is difficult to adjust which 
may have stimulated enough muscle to increase activation but may not be tolerated by 
each patients (Stevens et al., 2003).  
Local vibration-induced muscle fatigue 
     It is well known that mechanical vibration applied to muscle belly or tendon can elicit 
a reflex muscle contraction(Hagbarth & Eklund, 1965). This response, named the tonic 
vibration reflex(TVR), results mainly from the vibration-induced activity of the muscle 
spindle Ia fibers(De, Gail, Lance, & Neilson, 1966)). The relative roles of the two 
pathways are of concern in the study of motor control and the relationship between the 
TVR, muscle fatigue, and stress. Muscular fatigue can refer to a decrease in force-
generating capacity (Basmajian & DeLuca, 1985).A number of mechanism, including 




  Local vibration (LV) could be an alternative form of vibration training, which requires 
the use of a small and portable divide that applies vibration directly over the muscle or 
the tendon (Lapole & Perot, 2010). LV is not an entirely novel concept and in fact, it has 
actually been used for a long time in the field of neuroscience. Evidence of short-term 
decrease in force-generation capacity of the vibrated muscle group has been reported in 
knee extensor (Saito, Ando, & Akima, 2016) represting as force production 
decrement(mean 10.2%; range 4.3-19%). 
   When LV exposure is prolonged, there is an LV-induced central drive impairment due 
to decreased alpha moto-neuronal activity through attenuation of Ia afferent input onto 
alpha motoneurons (Bongiavanni, Hagbarth, & Stjernberg, 1990). Indeed, most studies 
that reported a force decrement after prolonged LV, suggesting an altered spinal loop 
excitability as the proposed mechanisms(Herda et al., 2009). Using recordings of motor 
unit firing rates, the decrease in synaptic input from Ia afferents to alpha motoneurons has 
been suggested to predominantly affect the recruitment of high-threshold motoneurons 
that supply fast-twitch muscle fibres (Bongiovanni, Hagbarth, & Stjernberg, 1990), where 
a decreased EMG amplitude in medial and lateral heads of the gastrocnemius after 30 
minutes of 100-Hz Achilles tendon vibration. 
  On the other hand, the degree of synchronization of motor unit activity with vibratory 
stimuli in ten humans was determined using the electromyographic (EMG) activity of the 
finger and wrist extensor muscles when vibration was applied to the distal tendons of the 
hand extensor muscles(Park & Martin, 1993).The EMG spectral analysis indicates that 
harmonic and subharmonic motor unit synchronization mechanisms contribute to the 
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modulation of the amplitude of the TVR as the vibration frequency increases. Harmonic 
synchronization decreases while subharmonic synchronization increases as vibration 
frequency increases. It is suggested that the synchronization process influences muscle 
fatigue, since it forces the driving of motor units, leading to a decrease in contraction 
efficiency(Martin &Park, 1996).This phenomenon most probably results from an 
impairment of excitation-contraction coupling. 




Materials and Methods  
Study overview 
    This study took place in the Biomechanics Laboratory at the University of Texas at 
Tyler. Subjects performed knee extension maximal voluntary isometric contractions 
(MVICs) to assess quadriceps function and knee flexion MVICs for hamstring function. 
The central activation ratios (CARs) of quadriceps and hamstring were assessed during 





   After the force signal reaches the plateau, a brief electrical stimulus was delivered via 
two adhesive electrodes placed on the proximal and distal anterior thigh for knee 
extension and posterior thigh for knee flexion via an isolated stimulator. The electrical 
stimulus was used to activate motor units that the participate was not able to voluntarily 
activate.  
Figure 1.  a purpose-built chair to perform a knee extension maximal voluntary isometric contraction (MIVC) 
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  After the warm-up, researchers placed pre-gelled bipolar surface electrodes (Ag/AgCl) 
on the vastus lateralis (VL) and biceps femoris (BF) of ACLR leg and dominant leg of 
control subjects, with an inter-electrode distance of 20mm. All electrodes locations were 
marked with a permanent marker and kept throughout the whole process of the study. To 
reduce inter-electrode impedance and increase the signal-to-noise ratio (Beck and Housh, 
2008), local areas of the skin are shaved and cleaned with isopropyl alcohol prior to the 
placement of the electrodes. Peak torque was normalized to body mass of each participant 
for analysis (N·m/kg). Measurements of CAR and peak force were conducted at two time 
points and manifested as pre- and post-. As for the hamstring co-activation, 
Electromyography (EMG) amplitudes of BF were recorded during both the MVICs of 
knee extension and knee flexion. 
   The fatigue protocol consisted of 10-minutes prolonged vibration at 30 Hz with 6 mm 
of amplitude (Jackson &Turner, 2003) applied directly to the hamstrings of the lower 
extremity of subjects that have had ACLR using the Vibrator (Thumper Massager Inc., 
Markham, Ontario, Canada) (Dickerson, Gabler, Hopper, Kirk, & McGregor, 2012), 
while being seated with the hips flexed at 90 degree for the duration of treatment. A thigh 
blood pressure cuff was wrapped around the proximal part of the thigh and inflated to a 
pressure of 150 mmHg (Ohta et al., 2003) after the vibration to maintain the fatigue. 
Quadriceps resistance training consisted of three sets of 10 leg extension at low loads (~ 
20-30 % 1 RM) with 30 s of rest between. The dependent variables in the current study 
were 1) peak torque and CAR of quadriceps and hamstring during maximal voluntary 
isometric quadriceps and hamstring contraction, respectively; 2) EMG-based biceps 
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femoris co-contraction ratio during maximal voluntary isometric quadriceps extension. 
All procedures were the same in ACLR group and control group as shown in Figure 2.    
    
 
Subjects  
  The sample size (N=20) was determined from the power analysis with the assumptions 
that pre-intervention and post-intervention measures were moderately correlated and 
acceptable statistical power was 0.8, a significance level of 0.05, and an effect size 
(partial eta squared) of 0.231 for the CAR based on the results of a previous study (Lowe 
& Dong, 2018). Due to issues with recruitment of subjects meeting the inclusion criteria, 
our sample was limited to 8 subjects with a history of ACLR and 8 healthy control 
participates by convenient sampling.  
Figure 2. Overview of experiment procedure 
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  Individuals between the ages of 18-45 with an unilateral ACL reconstructed limb were 
eligible for the study if they have: a minimum of 6 months since the date of operation; no 
significant pathology in the operated limb (such as significant osteoarthritis); normal hip 
and ankle joint function; no neurological disease; no vestibular or visual disturbance; no 
arthritic conditions involving the lower extremities; full range of motion( both active and 
passive) in the operated knee joint; no significant pain or obvious swelling in the operated 
knee with light recreational activities or with normal activities of daily living. Individuals 
who were earlier than six months post-operation were excluded to ensure that the 
research intervention and testing protocol could be considered to compromise the ACL 
graft in any way. Individuals were also excluded if they had any cardiovascular, 
respiratory, systemic, or metabolic condition limiting exercise tolerance.  
   Fifteen subjects were current students of University of Texas at Tyler, while one 
participant was a student of Tyler Junior College. Institutional Review Board approval 
was granted by the University of Texas at Tyler (see Appendix B). All subjects signed 
informed consent forms before testing (see Appendix B) and ACLR subjects completed 
knee survey while control group only filled out the demographic information (see 
Appendix C). 
Quadriceps and Hamstrings Function Assessments  
     MVICs of knee extension and knee flexion were used to assess quadriceps and 
hamstring strength and CAR. Each participant’s quadriceps inhibition was represented as 
CAR. The CAR was measured by comparing the force produced by the quadriceps from 
a MVIC and the force from a superimposed burst which electrically stimulated the 
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muscles to achieve 100% fully activation during MVIC. We selected to test the limb that 
subjects reported as being the most symptomatic limb regarding pain and functional 
limitation.   
   Subjects were seated on a custom-designed chair as shown in Figure 1, with their hips 
and knees positioned in 90 degrees of flexion. After the area was cleansed with sterile 
 
  
alcohol, 40  50 mm self-adhesive electrodes used to deliver the electrical stimulus 
during testing were placed over the vastus lateralis and vastus medialis muscle bellies. 
The subjects performed a 5-second maximum effort contraction during which a 
supramaximal train of electrical stimulation was delivered to the muscle to assess muscle 
activation level. The electrical stimulation for quadriceps was set as 10-pulse train, 
duration of 0.5 milliseconds (ms), 100Hz (Figure 3) while 10-pulse-train, 0.5-ms 
duration, 60 Hz was set for hamstring. 
Figure 3. Electrical stimulation set for quadriceps 
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  During a maximal contraction, increase in force was elicited by the burst and the testing 
was repeated 2 additional times. Each attempt at achieving an MVIC was separated by at 
least 5 minutes to minimize the effects of muscle fatigue on test performance. The 
maximal voluntary force recorded during the three tests was used to calculate torque with 
the formula: Torque(Nm/Kg) =(Forcelever length)/mass (kg). 
Warm-up period 
    Each subject performed a 5-minute exercise on an ergometer (Monark 828E 
Ergometer), cycling at approximately 80-90 revolutions per minute (rpm) and a low 
resistance. 
Setup 
     During the warm-up, the tester set up the hardware connection. The MP150 unit 
(BIOPAC, Systems) was used to take incoming analog signals and convert them into 
digital signals. The cable connection on the back panel of the MP 150 was connected to a 
laptop computer via a 1-meter Ethernet cable. A custom-built chair was used to measure 
quadriceps femoris muscle torque, with a load cell (LCCA 200, Omega Engineering Inc., 
Stamford, Connecticut) connected to a high-tension wire. The load cell, acting as the 
transducer bridge with a maximal load of 200 lbs., was designed to interface with the 
amplifier module (DA 100C) with two pin plugs (red: positive; black: negative) and to a 
power supply (Figure 4). Red and black plug were connect to the VIN+ and VIN- inputs, 
respectively, on the DA 100C (x 200, ON, 5kHz, DC). The UM100C (Universal Interface 
Module) is the interface between the MP 150 and DA100C unit, in which it is usually the 




   
  
        In this study, UM100C was used to input pre-amplified signals from the Digitimer 
(DS7AH), a constant current electrical stimulator. At the front panel of the UM100C, 
sixteen 3.5 mm mini-phone jack connectors for analog inputs and two for analog output, 
where the “Input” of the Digitimer was connected to “0” analog output with “Output” 
connected to “3” analog inputs on the UM100C (Figure 6), and the whole setting is 
shown as Figure 7.  
 
Figure 4.  DA 100C unit connection 
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     After warm-up, the subject was asked to be seated upright on the chair with knee and 
hips flexed at 90. A Velcro strap located on the one foot of the chair was placed 
approximately two inches above the malleolus of each participant as shown in Figure 1. 
The MP150 unit was turned on after the subject felt comfortable. Flip the power switch 
on the back panel to “On” position and the “Busy” light on the front panel should blink  
three times.  
 
    
   Then run the acqKnolwdge program named as “CAR_Quadriceps.acq” and open the 
file “Stimuli Train_10-pulse-train.acq” through the “File” drop-down menu. Select the 
“CAR acq.” sub-window and click the “MP150” at the top selecting the “Set Up Data 
Figure 5. Connection order of three modules 
Figure 6. Connection to UM 
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Acquisition…”. The “Stimulator” window should be shown in the “Data Acquisition 






    Once the subject was prepared for testing, we employed a process of potentiating the 
muscles to maximize the subject’s ability to produce maximum torque output. In 
Figure 7. Overview setup of all units 
Figure 8. Data Acquisition settings for “MP150” 
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addition, this process was necessary to ensure the strap around the ankle was tight enough  
to resist the force produced. 
     Then, subjects practiced producing 3-5 seconds’ voluntary isometric quadriceps (or 
hamstrings) contractions to extend the leg far away from the chair as hard as possible (or 
pull back the leg as hard as possible for flexion). A clear force waveform and a plateau 





     We determined the maximal stimulus amplitude that the subject could tolerate in the 
dosing phase. For this measurement, the subject remained seated in the dynamometer 
chair, positioned as described for the maximum voluntary isometric torque test. Two 
electrodes were placed on the proximal and distal portions of the rectus femoris (or 
semitendinosus) (Figure 10).  




    
    The stimulus intensity was gradually increased by rotating the knob on the Digitimer 
electrical stimulator until subjects indicated to the tester that their limit of tolerance for 
the stimulus has been achieved (i.e., they did not want any further increase in the stimulus 
amplitude). This process was repeated for 2 additional trails, and the highest tolerable 
stimulus amplitude was the stimulus amplitude for both pre- and post-fatigue session.  
Determination of CAR 
   After finding out the dosage of the electrical stimuli, CAR assessment was initiated. 
Subjects were asked to exert as much as force as possible while extending (or pulling) the 
knee against the fixed forced strap and to hold each maximal contraction for 3-5 seconds. 
After 1-2 seconds of the force plateau showed, electrical stimuli were applied. Intense 
Figure 10. Stimulation electrodes placement of the quadriceps 
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verbal encouragement to subjects and real-time visual feedback of the torque trace 
displayed in the computer screen were used.  
 
 
          
 
  
Figure 11. Force produced during the MVIC without stimulation 
Figure 12. Force produced from the MVIC with the stimulation 
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      The magnitude of CAR was calculated using the ratio of the highest maximum 
voluntary force produced ~0.1 sec prior to delivery of the electrical stimulus (Figure 11) 
divided by the maximal force produced ~0.1 sec after electrical stimulus were 
superimposed (Figure 12) [i.e.,: 𝐶𝐴𝑅 =
𝐹𝑀𝑉𝐼𝐶
𝐹𝑆𝐵
  100 (where FMVIC is the force produced 
during the MVIC without stimulation and FSB is the force produced from the MVIC with 
the superimposed burst)].  
After the quadriceps function assessments were done, hamstrings function 
assessments were followed. Subjects were transferred to another chair and faced to the 
customized chair to perform the leg flexion. Once the subject was seated, attach the strap 
above the ankle and ask him/her to flex the knee towards the chair. Open the file 
“HamTrain_10-pulse-train_60Hz.acq” from the File drop-down menu. Once it opened, 
drop down the “MP 150” and select the Set up Data Acquisition. Then chose the 
“HamTrain_10-pulse train_100Hz.acq” source graph (Figure 13) in the following path: 








    Electromyography (EMG) was used to quantify the co-contraction of the hamstrings. 
To put the electrodes on the muscles, we asked the subjects to sit on a table with the knee 
in slight flexion and the upper body slightly bend backward and put the electrodes at 2/3 
on the line from the anterior spina iliac superior to the lateral side of the patella as VL 
electrodes sites (Figure 14) ; then asked the subject lying on the belly with the face down 
with the thigh down on the table and the knees flexed with the thigh in slight lateral 
rotation and the leg in slight lateral rotation with respect to the thigh, then place the 
electrodes on the 50% on the line between the ischial tuberosity and the lateral 
epicondyle of the tibia as the location of BF (Figure 15.) and a ground electrode was 
placed over the medial malleolus.  
 
 





Figure 15 Electrodes placement of biceps femoris (BF) 
 
   The surface electrodes were attached a wireless EMG module (BioNormadix EMG, 
Biopac Systems, Goleta, CA) and connected to the Biopac MP150 system for data 










10 Hz, low-pass filtered at 500 Hz, notch filtered at 60 Hz, and subsequently smoothed 
by a moving root mean square average with a time constant of 100 milliseconds. 
Maximal EMG amplitude (millivolts) was calculated as the largest 0.5 seconds moving 
average of the processed signal. The largest 0.5-second moving average of hamstrings 
EMG during the knee-extension MVIC was normalized to the maximal EMG value 
during knee-flexion MVICs to assess hamstrings co-activation (%MVIC). 
   After each trial, four strip charts (Figure 18) showed on the screen, where quadriceps 
EMG amplitude on the top, next down measures the force during leg extension/flexion, 
third down is the stimulator signal, and then the root mean square of hamstrings EMG 
while the last one is the raw hamstring EMG amplitude. 
 




Vibration protocol and resistance training  
     We have verified 10-minute vibration at 30 Hz with 6 mm of amplitude applied 
directly to the hamstrings was effective to cause hamstring fatigue in a pilot study. We 
asked eight healthy subjects to experience vibration and assess the hamstring strength by 
using a portable dynamometer. To assess the hamstring muscle strength, subjects were 
asked to be in the prone-lying position with the knee in extension and tibia in neural 
rotation. Tester used both hands to apply the dynamometer proximal to the ankle joint on 
the posterior aspect of the knee and asked the subject to flex the knee with three seconds 
of maxima isometric contraction. Average strength of three trials between pre- and post- 
measurement was used to conduct t- Test. A reduction of hamstrings strength was 








    Vibration started by asking the subject to be seated with the hips flexed and hamstrings 
fully placed on the vibration pat as shown in Figure 19. Then turn on the vibrator and 




     In our research, once vibration stopped, center the rubber bladder of the blood 
pressure cuff (BF cuff; Figure 20.) over the popliteal artery which located in the knee and 
the back of the leg. The lower border of the cuff should be 2.5 cm above the artery and 
Figure 19. Sitting position during hamstring vibration 
Figure 20. Picture of a thigh blood pressure cuff 
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secure the cuff snugly around the thigh. Then inflate the BP cuff by referring to the 
pressure dial up to 120-150 mmHg. 
    The resistance training was performed with the BP cuff wrapped on the thigh, 
consisting of three sets of 10 leg extension at low loads (~ 20-30 % 1 RM) with 30 s of 
rest between sets. Ask the subject sit on the leg extension machine with the back straight 
against the back pad or sear and grasp the handles on the side of the machine. Place legs 
under the padded lever, making sure that they were positioned just above the ankles. Lift 
the lever until the legs were almost straight and return to the starting position to compete 
the repetition. Deflate the pressure slowly after finished the training, with 2-3 mmHg per 









Results and Discussion  
Data analysis    
    Statistical analyses were performed using SPSS (Version 24, IBM, Armonk, New 
York). An alpha level of 0.05 was used to indicate statistical significance for all statistical 
analyses. To verify the hypothesis that there were differences in each variables across two 
time points (i.e., pre- and post-) or between ACLR group and control group, a mix-design 
ANOVA (group*time) was used. This method was chosen because it was used to test for 
differences between two or more independent groups while subjecting subjects to 
repeated measures.         
    There were two factors in a mix-design ANOVA model. In this project, the 
comparison of pre- and post-fatigue was implemented as the within-subject variable (i.e., 
time) and the comparison of ACLR and controls groups was implemented as the 
between-subject variable (i.e., group).  
    If no significant interactions were observed among the within-subject and between-
subject variables, the main effects were reported from within the Tests of Within-
Subjects Effects SPSS Statistics output tables. When either of the main effects was 
statistically significant, we ran a post hoc test (e.g., Tukey’s HSD test) for multiple 
comparisons to identify where the difference occurs. If there were significant interactions 
between the within-subject and between-subject variables, simple main effect was used to 




     In specific aim 1, the dependent variables were peak torque and CAR of the 
quadriceps. We used the mixed ANOVA to test the hypothesis that the CAR and peak 
torque of quadriceps were significantly lower in ACLR group than control group at the 
baseline. After the intervention, both variables increased in the ACLR group, but not in 
the control group.  
     In specific aim 2, the dependent variables were the peak torque and CAR of hamstring 
during knee flexion MVICs. We used the mixed ANOVA to test the hypothesis that 10-
minute of hamstring vibration was effective in decreasing the hamstring CAR and peak 
torque in both groups so that hamstring excitability and strength have been reduced 
before resistance training. 
    In specific aim 3, the dependent variable was the hamstring co-contraction. We used 
the mixed ANOVA to test the hypothesis that hamstring co-contraction was higher in the 
ACLR group than in the control group at the baseline and decreased in ACLR group after 
intervention whereas little or no changes were observed for control subjects.          
Demographic measures were evaluated using independent Student’s t-tests.  
Results Overview 
    One outlier was identified as one of the control subjects who had the almost 30% 
(M=7%) of the hamstrings co-contraction. The ACLR group had greater hamstrings co-
contraction and lower quadriceps activation compared with the control group at the 
baseline. Hamstrings activation significantly declined only in control group. In the ACLR 
group, there were a significant increase of the CAR of the quadriceps and a significant 




    Sixteen subjects participated in the present study, having an average age of 21.4±1.4 
years for the ACLR group and 22.5±2.7 years in the control group, including five females 
(62%) and three (38%) males in ACLR group and six males (75%) and two females 
(25%) in control group. No significance differences for age, height, and weight were seen 
between the two groups. 
 
 Table 1 Mean and Standard deviation (SD) of demographic results 
 
      
 
     The average months after ACL injury were 46.5±23.6, ranging from 12 months to 87 
months. Seven ACLR participates were active in sports, including baseball, basketball, 
dance, soccer and track field while two of the subjects from control group described 
themselves as high competitive sports person and others are sporting frequently (N=6).  
   Based on the Keen Survey for ACL injury, five participates (62.5%) had right-side 
injury and three of them (37.5%) injured their left knee. Three subjects (37.5%) had 
traumatic non-contact onset, three (37.5%) had non-traumatic sudden onset and two 
 ACLR group(n=8) Control group(n=8) 
Age(years) 21.4±1.4 22.5±2.7 
Height(cm) 172.7±6.6 171.1±7.1 
Mass(Kg) 74.1±14.5 69.4±13.5 
Total months after Injury 46.5±23.6  
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(25%) had traumatic contact onset. Four subjects experienced patella tendon graft, three 
had single hamstring graft and only one experienced meniscus repair with cadaver fusion.  
Quadriceps function 
    There was a significant difference across the time points F (1,14)=16.4, p=0.001 and 
no interaction between groups and time, F(1,14)=3, p=0.099, in CAR of quadriceps. In 
ACLR group, significant difference was seen over time, F (1,14) =17, p=0.001. 
Significant differences between groups in CAR was reported, F (1,14)=4.5, p=0.05. At 
the baseline, quadriceps CAR in ACLR group (93±2%, p=0.05) is significantly lower 
than control group (98±2%) but no significant difference after the intervention. Moderate 
increase in quadriceps strength were seen in both ACL (2.1±1Nm/kg vs 2.4±0.5 Nm/kg) 
and control group (3.1±1.5 Nm/kg vs 3.4±1.5 Nm/kg), but there has no significant 
difference over time (F=2.2, p=0.3) and no interaction between time and groups (F=0.17, 
p=1). The mean and standard deviations were shown below (Table 2.) and bar graph of 











Table 2 Mean and standard deviation (SD) of quadriceps function 
 ACLR Group (N=8) Control Group (N=8) 
 Mean ± SD Mean ± SD 
Quadriceps CAR 
(%) 
Pre 93±6 98±1 
Post 98±3 100±2 
Strength (N/kg) Pre 2.1±1 3.1±1.5 




Figure 22. Comparison of quadriceps strength (Nm/kg) for the ACLR group and control group 
before and after intervention. 
Figure 21. Comparison of CAR of quadriceps for the ACLR group and control group 




There was a significant difference across the time points F (1,14) =5.1, p=0.04 and 
no significant differences between groups, F(1,14)=0.018, p=0.9, in central activation 
ratio of hamstrings. No significant interaction between time and group, F (1,14) =1, 
p=0.3. Moderate decrease in CAR of hamstring was seen in both groups but only control 
group has significance difference between two time point (97±1% to 93±2%), p=0.035 
when compared with ACLR group (96±1% to 95±2%), p=0.4.There was no significant 
difference over time (F(1,14)=0.64, p=0.44) and no interaction among time and groups 
(F(1,14)=0.64, p=0.44) in hamstrings torque. The mean and standard deviation of 
hamstrings function results was shown in Table 3 and bar graph of hamstring function 
was shown in Figures 23 and 24. 
 
Table 3 Mean and Standard deviation (SD) of hamstring function 
 ACLR Group (N=8) Control Group (N=8) 
 Mean ± SD Mean ± SD 
Hamstring 
CAR(%) 
Pre 96±4 97±2 
Post 95±4 93±6 
Hamstring Torque 
(Nm/kg) 
Pre 1.9±0.8 2.3±0.5 




Figure 23. Comparison of hamstring central activation ratios (CAR) for the ACLR group and 
control group before and after fatigue 
Figure 24 Comparison of hamstring strength (Nm/kg) for the ACLR group and control groups 




   There was a significant difference of hamstrings co-contraction across the time points F 
(1,14) =7.5, p=0.016 and no significant interaction between time and group, F (1,14) 
=3.5, p=0.08. At the baseline, significant difference was reported between ACLR 
(15±2%)and control group (7±2%), F (1,14) =8.5, p=0.011, but no significant difference 
after intervention, F (1,14) =2.6, p=0.13. In ACLR group, significant different was seen 
over time, decreasing from 15±2% to 10±1%, F (1,14) =10.7, p=0.006 while no 
significant difference in control group, F (1,14)=0.037, p=0.55. The mean and standard 
deviation in hamstrings co-contraction were shown in Table 4 and the bar graph was 
shown here (Figure 25). 
 
Table 4. Mean and standard deviation (SD) of hamstring co-contraction 
 ACLR Group (N=8) Control Group (N=8) 
Pre-co-contraction (%) 14± 6 9± 3 









Figure 25. Comparison of hamstrings co-contraction for the ACLR group and control group 




Conclusions and Recommendations  
Outcome discussion 
    Our main findings were that subjects with a history of ACL injury had inhibited 
quadriceps activation (i.e., less quadriceps CAR) and higher hamstring co-contraction 
than subjects in the control group. Therefore, reductions in knee-extensor function in 
individuals with ACLR are likely due to a combination of quadriceps dysfunction and 
accompanied hamstrings co-activation. These results provide further evidence of 
persistent quadriceps dysfunction (Jordan, Aagaard, & Herzog, 2015) in individuals with 
ACLR who have returned to unrestricted physical activity (at a mean of 51 months since 
ACLR). As such, current rehabilitation strategies which appeared to be ineffective for 
improving quadriceps function (Hopkins et al., 2000 ; Hurley et al., 1994) should focus 
on the compensatory movement strategies to retrain muscles activation pattern.  
   We found that the CAR of quadriceps was significantly lower in the ACLR group 
(93%) than in the control group (98%) at baseline, supporting our first hypothesis that 
individuals with ACLR would have deficits associated with quadriceps.  
   However, it should be noted that the ACLR group in present study had a relatively 
broader range with 6% standard deviation for CAR. On the one hand, not all injured 
individuals exhibited a lower CAR because of wide range of duration after injury (from 
12 months to 87 months). On the other hand, different design of electrical stimulus can 
produce different magnitudes of CAR. For example, Pamukoff and his coworkers 
(Pamukoff, Pietrosimone, Ryan, & Blackburn, 2017) reported significant lower CAR of 
47 
 
83.3 ±11.1% (duration since injury 50.7± 21.3 months) by using a voltage-based 
electrical stimulus.  
   Furthermore, increased level of hamstrings co-activation had been reported frequently 
in patients with knee OA when compared with healthy subjects (Hopins et al., 2000) 
(Hurley et al., 1994). Our findings support our hypothesis and agree with those of 
previous researchers who examined hamstrings activity during muscle contractions 
(Grabiner & Weiker, 1993) and functional tasks such as gait (Hurd & Snyder-Mackler, 
2007) in individuals with ACLR. For example, higher hamstrings co-contraction (27.2%± 
12.8%) in Pamukoff’s associated with 84.1% CAR of the quadriceps was reported 
(Pamukoff et al., 2017). 
    In accordance with our results, patients demonstrated both quadriceps and hamstrings 
dysfunction in their surgical limb. Therefore, full restoration of normal muscle firing may 
require a comprehensive rehabilitation plan including exercise to improve strength and 
neuromuscular control (Jordan, Aagaard, & Herzog, 2015; Gwinn, Wilckens, McDevitt, 
Ross, & Kao, 2000 ).  
Our study showed that ACLR subjects had significantly higher CAR in the 
quadriceps and lower hamstring co-contraction after the vibration-induced hamstrings 
fatigue, demonstrating that the induced hamstring fatigue immediately prior to resistance 
training alleviated AMI with more quadriceps recruitment and less hamstrings activation. 
As this finding was not evident among healthy control subjects, our exercise protocol 
appears to be an effective rehabilitation strategy for ACLR patients.   
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While not statistically significant, there were moderate decrease in hamstrings CAR 
and increased normalized peak torque of knee extension in response to fatigue protocol. 
One explanation is that our small group samples (eight subjects per group) probably left 
our study statistically underpowered, suggesting that future studies with a large sample 
size may address this limitation. Another possibility is that force or CAR declination is 
not sensitive enough to detect the fatigue. It was suggested that the synchronization 
process influences muscle fatigue, since it forces the driving of motor units. The degree 
of synchronization of motor unit activity with vibratory stimuli in humans was 
determined using the electromyography (EMG) activity (Martin et al., 1996). Similarly, 
Hart et al. (2005) calculated the median frequency (MedF) for each saved repetition and 
calculated the percent change in MedF from the baseline measure to the last repetition of 
each set to determine when the desired level of fatigue was achieved.  
   Two weeks of cryotherapy facilitated strengthening exercise was effective in eliciting 
significant and clinically meaningful improvements in quadriceps CAR and normalized 
knee extension torque in patients experiencing persistent quadriceps dysfunction 
following ACLR (Harkey, Gribble, & Pietrosimone, 2014) Theoretically, the use of a dis-
inhibitory modality such as cryotherapy is meant to reduce aberrant afferent signaling 
following ACL injury and subsequent ACLR(Hart, Bessette, & Choi, 2014) but it was no 
better than exercise alone. 
   The period of hamstrings fatigue immediately prior to exercise session is then exploited 
to enable strengthening exercise to occur with greater quadriceps motor neuron pool 
availability (Pietrosimone, Hart, & Saliba, 2009). It is important to understand the 
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pathophysiology of AMI— hamstrings over-activity and dyskinesia with quadriceps 
weakness — to appropriately target therapeutic intervention. Long-standing and 
worsening patterns of hamstring co-contraction that may not only further weaken 
quadriceps strength but also altered muscle recruitment patterns during daily activities.  
   The improved resistance training in present study is capable of coping with several 
reasons why strength training protocols during rehabilitating after ACL reconstruction 
(Barber-Westin &Noyes, 2011; Augustsson, Thomee, & Karlsson, 2004; Barber-Westin 
& Noyes, 2011) may have been insufficient when it comes to the regaining (or even 
better, exceed) muscle strength. 
   First, in these training protocols, training intensity may be too low during rehabilitation 
or psychological issues for patient to use heavy weights in typical therapeutic exercise 
(Andersen, Magnusson, Nielsen, Haleem, & Poulsen, 2006). Resistance loads of 60-80% 
of one repetition maximum (1-RM) may be challenging for patients with profound 
muscle weakness, joint pathologies, or medical treatment that limit physical capacity. 
Within the last two decades, resistance training at low-loads (~20-30%) with blood flow 
restriction to the exercising muscle has been shown to improve muscle strength and size 
to a similar magnitude as health subjects (Karabulut, Abe, Sato, Bemben, 2010; 
Laurentino, Ugrinowitsch, & Roschel, 2012). We applied the blood pressure cuff 
immediately after hamstrings vibration is not only to sustain the hamstring fatigue but 
also acts as the blood flow restriction to allow for low loads training.  
In addition, it has been shown that compliance with the training program decreased 
with time during rehabilitation after ACL rehabilitation (Beynnon, Johnson, & Fleming, 
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2002). This is unfortunate, as a considerable length of time (e.g. 20 weeks) (Sale, 1988) 
often is necessary to achieve training-induced hypertrophy. Decreasing hamstrings 
activation immediately prior to quadriceps resistance training is expected to improve 
efficiency of power output each time and finally shorten the duration of rehabilitation 
time. Antagonist musculature slows the movement initiated by the agonist musculature in 
such a way as to allow for controlled movement, as agonist and antagonist activation 
contribute simultaneously to net force production. Augmentations of subsequent agonist 
contractions might be attributed to a number of possible antagonist contractions.  
 One possibility is that antagonist pre-fatigued decreasing resistance to the intended 
movement (Robbins, Young, Behm, &Payne, 2010), pre-fatiguing the antagonist may 
decrease the resistance to the intended movement resulting in enhanced performance of 
agonist force output. Overall, this approach is expected to change problematic muscle 
inhibition of quadriceps muscles in ACLR subjects through the restoration of spinal 
reflex pathway (Rice et al.,2015), and optimally increase the efficiency of quadriceps 
resistance training.  
Limitations of this study 
   Among several study limitations was the small sample size that likely left this study 
statistically underpowered and limit generalizability of these findings. As noted, future 
studies should utilize larger samples and random sampling that might also permit 
comparisons of males and female or older and younger subjects. Secondly, we included 
injured subjects with all graft types, and graft type may influence the location and 
magnitude of muscle dysfunction. Future studies are needed to evaluate the physiological 
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mechanisms that may cause persistent knee-extensor weakness and compare quadriceps 
and hamstrings function in individuals with different graft types. Thirdly, injured subjects 
in this study were treated by multiple surgeons and may have had varying rehabilitation 
programs. It is unclear whether deficits in quadriceps function were attributable to their 
different rehabilitation programs or chronic AMI. In addition, injured subjects 
demonstrated wide variety of sports participation (i.e., baseball, basketball, dance, soccer, 
and track field). Different training program for each sport may have influenced the post 
restoration of quadriceps function resulting from ACL injury.  
The accuracy of detecting CAR of muscles is still under investigation. Traditionally, 
when using a force-based estimate of quadriceps CAR, activation failure is considered a 
CAR of less than 95% (Lewek, Rudolph, Axe, & Snyder-Mackler, 2002). Although the 
SIB and ITT techniques are sensitive to changes in muscle activation after interventions 
or treatments, valid CAR estimates rely on the ability to effectively isolate knee extensors 
during a maximal voluntary isometric contraction. For example, improper patient 
positioning or poor control of trunk motion can confound isometric knee extension torque 
measurements, because muscles other than the quadriceps will contribute to generating 
maximal torque during a volitional effort. Electric stimulation to the femoral nerve or 
directly to the quadriceps muscle is only intended to elicit contraction from the 
quadriceps. Therefore, force augmentation may be minimized and voluntary activation 
overestimated.  
 Suboptimal electric stimulation settings may also cause invalid estimates of CAR, 
especially if the stimulation fails to fully activate all motor units in a motor neuron pool. 
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In our research, the dosage of stimulation was dependent on the perception of the subject, 
by saying whether they tolerated the intensity, instead of assessing the threshold of 
muscle activation itself.  
Finally, we assessed isometric muscle function in only a single testing position, 
which may not specifically mimic the modes of contraction performed during functional 
(i.e., walking) and athletic tasks (i.e., running or pivoting).  
Summary and future direction 
  Retraining both quadriceps and hamstrings muscle firing pattern should be the focus of 
future rehabilitation programs targeting quadriceps function reconstruction. The outcome 
of current study supported the hypothesis that the use of vibration-induced hamstring 
fatigue immediately prior to resistance training was effective to alleviate quadriceps 
muscle inhibition as well as restore normal firing pattern of hamstring. Then the next step 
to strengthen this innovative method is to extend it into a long-term resistance training 
program (e.g., 4 weeks) to better investigate the muscles function improvement.  
   We anticipate that this proposed strategy facilitates to help patients with ACLR  
 to overcome weakness in the quadriceps muscles while re-establish overall function of 
knee muscles to reduce the time required to return to physical activity following 
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B. DESIGN 
☒Change in Study Design  
 
Explain any related changes:    The revised study will be a randomized trial with 
individuals aged 18-40 with anterior cruciate ligament 
reconstruction(ACLr). This study will investigate the effects of vibration -
induced hamstring fatigue on improving knee extension strength and 
quadriceps inhibition outcome.  We will recruit forty participants from the 
university community through fliers and emails to the university population, 
as well as through local physical therapy clinics in Tyler, Texas. All 
participants will be randomly assigned into e ither a treatment group or a 
control group using the method of stratified randomization to control the 
covariates of age and sex.  Participants in the treatment group will receive a 
4-week long training program (three times per week), in which vibration -
induced hamstrings fatigue is immediately followed by quadriceps 
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strengthening with blood flow restriction in each training session. The 
vibration treatment will consist of 15 minutes of prolonged vibration at 30 
Hz with 6 mm of amplitude applied directly to  the hamstrings of the lower 
extremity of participants that have had ACLr using the Thumper Versa Pro 
Massager (Thumper Massager Inc., Markham, Ontario, Canada). Participants 
will be in a seated position with the hips flexed at 90 for the duration of 
treatment. At the end of hamstrings fatigue, a sphygmomanometer 
(McKessson Medical-Surgical), consisting of thigh blood pressure cuff, pump 
and pressure transducer, will be placed at the proximal part of the thigh and 
inflated to a pressure of 150mmHg. With blo od flow restricted by the inflated 
cuff, participants will complete about 10 minutes of unilateral resisted knee 
extension in an open kinetic chain on a leg -extension machine with ACLr 
affected leg only. The initial knee extension exercise will include 4 s ets of 10 
repetitions at an intensity equal to 20% of their concentric 1 -repetition 
maximum. Participants in the control group will only receive a 4 -week long 
conventional rehabilitation program (three times per week), employing 
quadriceps strengthening open chain knee resistance exercise. The control 
group’s exercise program will be the same quadriceps strengthening 
program as the treatment group receives, but without the preliminary 
vibration-induced hamstrings fatigue. All participants will have baseline  and 
post-treatment measures of the central activation ratio (CAR) of the 
hamstrings and quadriceps, the knee extension strength, the contraction 
index and compressive force at knee joint .   
C. PERSONNEL 
☒Change in investigators, faculty or staff: 
 Name:   Ms. Shiqi Yu   
 Credentials:  B.S. in Nursing    
 Contact Information:  Email: syu2@patriots.uttyler.edu;  Phone: 903 -566-
7037   
☐Change in Consultant/Collaborator 
Explain any related changes:   Add Ms. Shiqi Yu as co-investigator for this project .    
Explain rationale for changes:   Ms. Yu is a master student in the Department of 
Health and Kinesiology. She is working on her master ’s thesis under the 
supervision of Dr. Dong.    
 
D. RISK 
☐Change In Risk/Benefit Ratio (e.g., emergence of new side effects) 
Explain any related changes:  Click here to enter text.     
Explain rationale for changes:   Click here to enter text.     
 
E. COST 
☐Change in Subject Expense 
☒Change in Subject Reimbursement 
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Explain any related changes:    A gift card of $50 will be provided to each 
participant to reimburse their efforts in completing assessment along with 
the expenses incurred from study participation, such as transportation, 
parking and meals.  
Explain rationale for changes:   Providing incentives will the likelihood that 




F. PROCEDURES INVOLVING SUBJECTS 
☐Change in collection of blood or other body fluids 
☐Change in subject evaluation (e.g., number of visits, etc.) 
☐Change in administration or dosage of drug 
☐Change in drug formulation 
☒Change/Deletion of any test 
☒Change/deletion of device 
Explain any related changes:   First , hamstring fatigue protocol will be changed 
from the “Nordic hamstring exercise” to “prolonged local vibration”. The 
vibration treatment will consist of 15 minutes of prolonged vibration at 30 
Hz with 6mm of amplitude applied directly to the hamstrings of the lower 
extremity of participants that have had ACLr using the Thum per Versa Pro 
Massager. In addition, baseline and post-treatment measures of the central 
activation ratio(CAR) of the quadriceps and hamstrings, the knee extension 
strength, the contraction index and compressive force at knee joint will be 
added in the revised study protocol. CAR of the quadriceps: We will measure 
the CAR of the quadriceps with a superimposed burst technique. For the 
quadriceps, participants will be seated upright with knees and hips flexed at 
90º on a purpose-built chair. First , warm-up contractions in a series of 
submaximal contractions will be performed to minimize the risk of injury. 
Then, participants will be asked to perform a maximum voluntary isometric 
contraction (MVIC) of knee extension for at least 3 seconds with verbal 
encouragement and visual feedback to motivate the participant. After the 
force plateau (FMVIC) is reached, a superimposed burst (SIB) will be 
delivered using an electrical stimulator (DS7A, Digitimer Ltd., UK). One 
electrode will be placed at the proximal quadriceps  muscle and the other 
electrode will be placed over the vastus medialis. The stimulus will consist of 
a train of 10 pulses; each pulse will be 0.6 milliseconds in duration and 
delivered at 100Hz with an intensity of 125 V15. The electrical stimulus will 
cause a temporary increase in force output (FSIB). The CAR will be calculated 
as the ratio of FMVIC over the sum of FMVIC and FSIB. Three trials will be 
collected before and after the training programs.                                                                            
Knee extension strength: The knee extension strength can be defined as the 
peak torque during the MVIC, which is a product of FMVIC and the moment 
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arm. The length of the moment arm can be measured from the lateral 
epicondyle of the femur to the center of the ankle strap, which is parallel to 
the load cell.  CAR of the hamstrings: The same superimposed burst technique 
will be used for the hamstrings. Participants will be tested in the sitting 
position. The electrical stimulus will contain a train of 10 pulses with a 
duration of 0.6 milliseconds at a frequency of 60Hz and an intensity of 100 
V. One stimulating electrode will be placed at the ischial tuberosity just 
inferior to the gluteal fold and another electrode will be placed just medial  
and distal to the first, on the bulk of the hamstring musculature. Co -
contraction index: The co-contraction index of the hamstrings and 
quadriceps will be quantified from the deceleration phase of a single -leg 
drop landing exercise. Participants will begi n from a single-leg standing 
position on a platform with a height of 0.25m in the front of a force plate. 
Participants will be instructed to land with the tested foot on the force plate 
and then jump upward as high as possible. A 3D motion capture system w ill 
be used to collect kinematic, kinetic and electromyography (EMG) data 
during the single-leg drop landing. Three-dimensional kinematic data will 
be recorded at a rate of 200 Hz using a 6-camera motion capture system 
(Vicon, Oxford, UK). A standard plug-in gait full body marker set will be used. 
Ground reaction forces will be collected during single -leg drop landing tests 
with a Kistler force plate at a rate of 1000Hz. EMG data will be recorded 
from the vastus lateralis (VL), vastus medialis (VM), rectus femoris (RF), 
semitendinosis(ST), biceps femoris long head (BFL), medial gastrocnemius 
(MG) and lateral gastrocnemius (LG) using a wireless EMG from BIOPAC. EMG 
signals will be amplified (1000x), filtered (20 -500Hz) and sampled at 
2000Hz. Prior to testing,  EMG data from the MVIC will be collected for the 
purpose of normalization. Finally, the co-contraction index is calculated as 
the ratio of the averaged normalized flexor EMG (ST, BFL, MG, and LG) to the 
averaged normalized extensor EMG (VM, VL and RF) mul tiplied by the 
averaged normalized EMG of all muscles during the deceleration phase of the 
drop-land task.    
Explain rationale for changes:   Prolonged local vibration is a flexible protocol 
without any exercise demands to induce neuromuscular fatigue. On the other 
hand, based on the initial study to test the effect of hamstring fatigue on 
knee function, we hope to extend this assumption into clinical practices.  The 
comparison between baseline and post-treatment of CAR, co-contraction 
index and knee extension strength is expected to find out the effectiveness of 
strength training followed by hamstring fatigue on quadriceps function and 
knee muscles coordination.  
 
G. STUDY POPULATION 
☒Change in sample size 
☒Change in eligibility criteria 
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☒Change in exclusion criteria 
☐Alteration of study groups 
☐Other:   Click here to enter text .     
Explain any related changes: The sample size will increase to 40 patients with 
unilateral ACL injury.  The inclusion criteria for ACLr subjects are: 1) bet ween 
the age of 18 and 40 years old; 2) a minimum of 6 months and no longer than 
five years after unilateral ACLr; 3) release from their orthopaedic surgeons ’ 
care. The exclusion criteria for ACLr subjects are: 1) a woman who is 
pregnant or is planning to become pregnant during the study timeline, 2) an 
inability to complete a single-leg drop landing exercise, 3) a multiple 
ligament reconstruction or a history of graft failure and 4) presence or 
history of peripheral vascular diseases, severe hypertension, blood clots, or 
deep vein thrombosis.  
Explain rationale for changes:  The sample size is determined from the power 
analysis using a significance level of 0.05, a statistical power of 0.8, and an 
effect size (partial eta squared) of 0.231 for the CAR based on the results of 
the preliminary study. The changes of eligibility an d exclusion criteria come 
from additional procedures such as blood flow restriction introduced in the 
proposed study .     
 
H. SUBJECT RECRUITMENT 
 
☐Change in recruitment procedures 
☐Change in ads, flyers, etc. 
Explain any related changes:  Click here to enter text.        
Explain rationale for changes:   Click here to enter text.   
 
I. OTHER 
☐Any other significant changes 
Explain any related changes:   Click here to enter text.       
Explain rationale for changes:   Click here to enter text.     
EXPLANATION OF CONSEQUENCES OF CHANGES 
J. Modifications identified above require changes in: 
☒Informed consent form (describe by highlighting or tracking of originally approved form)  
K. Will these changes result in a change of the risk/benefit ratio?  
 ☐  Yes    ☒  No 
If Yes, please explain:    Click here to enter text .      
ELECTRONIC ENCLOSURES AS NEEDED FOR CHANGES INDICATED: 
☒Revised Informed Consent Form(s) 
☐Letter from Sponsor 
☐Letter from Investigators indicating their removal or addition to study 
☐Revised Protocol (Date of Revised Protocol:  Click here to enter text .     )                                      
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☐Revised IRB Full Board Review Application 
☐Revised Investigator's Brochure 
☐Other:   Click here to enter text .    
SIGNATURE OF PRINCIPAL INVESTIGATOR      
  
Xuanliang Dong    1/22/19 
Principal Investigator Signature  Date 




Informed Consent to Participate in Research 
THE UNIVERSITY OF TEXAS AT TYLER 
Informed Consent to Participate in Research 
Institutional Review Board # Sum2012-99 
Approval Date: Original July 5, 2012; Revised January 25, 2019 
1. Project Title: Rehabilitation strategies to overcome quadriceps weakness for 
athletes with anterior cruciate ligament (ACL) reconstruction    
2. Principal Investigator: X. Neil Dong, Ph.D. 
3. Participant’s Name:   
To the Participant:   
You are being asked to take part in this study at The University of Texas at Tyler 
(UT Tyler).  After talking with the person who asks you to take part in the study, 
you should be able to: 
• Understand what the study is about.  
• Choose to take part in this study because you understand what will 
happen 
4. Description of Project 
When a person has an ACL reconstructive surgery, their body will automatically 
protect that knee during rehabilitation by not letting the surrounding muscles work 
as hard as they could. It is our belief that when we are tired or fatigued from an 
exercise, this automatic protection is eliminated and the muscles can work 
harder, leading to a shorter rehabilitation time.  
  We want to study the effects of a traditional strength training after hamstrings 
fatigue on how your quadriceps muscles function in participants who have 
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recently had ACL reconstructive surgery in one knee.  
  To do this, we will use a force plate (an electronic scale to measure the force of 
landing during a vertical jump), a wireless EMG system (a device for recording 
the electrical activity produced by muscles) and motion capture equipment 
(digital video cameras to record the process of a vertical jump). Electrodes will be 
attached to your upper leg and calf muscles, and the wireless EMG transmitter 
will be belted onto your leg. Thirty-nine reflective markers will be taped to 
landmarks using a double-side tape.   
    You will be randomly assigned into the experiment group or control group. In 
the experiment group, we will induce fatigue of your hamstring muscles using 
vibration.   
The vibration treatment will consist of 15 minutes of vibration that is applied 
directly to the hamstrings of the lower extremity of participants while being seated 
with the hips flexed at 90 degree for the duration of treatment.  
  Following this, a thigh blood pressure cuff will be placed at the front part of your 
thigh and inflated to a pressure of 150 mmHg to sustain the muscle fatigue. 
While the inflated cuff is on, participants will complete about 10 minutes of knee 
extensions on a leg-extension machine with your ACLr affected leg only. If you 
are selected to be in the control group, you will not receive the vibration but all of 
the other procedures will be the same. You will be video-taped from the side of 
your reconstructed leg. It is very important that you ask the person assisting you 
with this consent form anything that is not clear to you. 
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5. Research Procedures 
Individuals are included for the following conditions:  
1) between the age of 18 and 40 years old;  
2) a minimum of 6 months and no longer than five years after unilateral ACLr;  
3) release from their orthopaedic surgeons’ care. 
Individuals are excluded for the following conditions:  
1) a woman who is pregnant or is planning to become pregnant during the study 
timeline,  
2) an inability to complete a single-leg drop landing exercise,  
3) a multiple ligament reconstruction or a history of graft failure and  
4) presence or history of peripheral vascular diseases, severe hypertension, 
blood clots, or deep vein thrombosis. 
If you agree to be in this study, we will ask you to do the following things: 
• You acknowledge that you have been cleared by your physician for 
exercise. 
• You will be asked to meet with the primary investigator or research 
assistant just one time in the laboratory. 
• You will be asked to warm-up on a stationary bicycle at a low speed and 
resistance for five minutes prior to the experiment 
• You will be asked to wear wireless electromyography transmitters, and 
reflective markers taped to your bony landmarks for the whole body, for all 
trials 
• You will be asked to wear two stimulating electrodes on the proximal and 
distal portions of the rectus femoris (this is one of your quadriceps 
muscles in front of the thigh).  
• You may experience certain uncomfortable levels during the electrical 
stimulation. You are encouraged to tell the researcher about your feeling 
(e.g., tingling, pins and needles, etc.). The test will be stopped anytime if 
you cannot tolerate the electrical stimulation.    
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• You will be asked to be videotaped during all trials from the side of your 
reconstructed leg. All videos will be confidential, and you will not be 
identifiable in any pictures used in presentations.  
• You will be asked to complete three trials of single-leg drop landing with 
your reconstructed leg jumping off of and landing on the force plate before 
and after the treatment 
• You will be randomly assigned into either a treatment group or a control 
group. 
• In the treatment group, you will: 
o Receive a 4-week long training program (three times per week), in 
which vibration-induced hamstrings fatigue is immediately followed 
by quadriceps strengthening with blood flow restriction in each 
training session.  
o You will be asked to perform 15 minutes of prolonged local 
vibration for hamstring fatigue and the vibration will be stopped 
anytime if you cannot tolerate. 
o Then, you will be asked to perform 10 minutes of knee extensions 
on a leg-extension machine with ACLr affected leg only. 
• In the control group, you will: 
o Receive a 4-week long training program (three times per week) in 
which quadriceps strengthening with blood flow restriction will be 
implemented in each training session.  
o You will be asked to perform 10 minutes of unilateral resisted knee 
extension in an open kinetic chain on a leg-extension machine with 
ACLr affected leg only. 
6. Side Effects/Risks   
You may have some muscle soreness after either trial set, but it should not be 
extreme soreness. You may also feel some stress or tightness in your 
reconstructed knee, as well as some general fatigue after either trial. Muscle 
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soreness and tightness will normally go away within about two to four days. If you 
have extreme muscle weakness, dizziness or trouble breathing, please seek 
immediate attention from your doctor.   
7. Potential Benefits  
You may gain some muscular strength or endurance from the trial sets, or you 
might be able to exercise for a longer time because you are not out of breath as 
quickly. Our goal is to decrease the rehabilitation time for future ACL surgeries by 
including more fatigue training with traditional strength training; if our hypothesis 
is correct, we could share this information with athletic trainers, coaches, physical 
therapists and doctors in order to help people with future ACL surgeries recover 
their full strength more quickly. 
Understanding of Participant 
8. I have been given a chance to ask any questions about this research 
study. The researcher has answered my questions.  
9.  If I sign this consent form I know it means that: 
• I am taking part in this study because I want to. I chose to take part in this 
study after having been told about the study and how it will affect me. 
• I know that I am free to not be in this study.  If I choose to not take part in 
the study, then nothing will happen to me as a result of my choice. 
• I know that I have been told that if I choose to be in the study, then I can 
stop at any time. I know that if I do stop being a part of the study, then 
nothing will happen to me. 
• I will be told about any new information that may affect my wanting to 
continue to be part of this study 
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• The study may be changed or stopped at any time by the researcher or by 
The University of Texas at Tyler. 
• The researcher will get my written permission for any changes that may 
affect me. 
10. I have been promised that that my name will not be in any reports about 
this study unless I give my permission.  
11. I also understand that any information collected during this study may be 
shared as long as no identifying information such as my name, address, or 
other contact information is provided). This information can include health 
information. Information may be shared with: 
• Organization giving money to be able to conduct this study 
• Other researchers interested in putting together your information with 
information from other studies 
• Information shared through presentations or publication 
12. I understand The UT Tyler Institutional Review Board (the group that 
makes sure that research is done correctly and that procedures are in 
place to protect the safety of research participants) may look at the 
research documents. These documents may have information that 
identifies me on them. This is a part of their monitoring procedure. I also 
understand that my personal information will not be shared with anyone.  
13. I have been told about any possible risks that can happen with my taking 
part in this research project.   
14. I also understand that I will not be given money for any patents or 
discoveries that may result from my taking part in this research. 
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15. If I have any questions concerning my participation in this project, I will 
contact the principal researcher:  Dr. Neil Dong at (903)-565-5615 or by 
email at ndong@uttyler.edu. 
16. If I have any questions concerning my rights as a research subject, I will 
contact Dr. Gloria Duke, Chair of the IRB, at (903) 566-7023, 
gduke@uttyler.edu, 
or the University’s Office of Research & Scholarship:  
The University of Texas at Tyler 
c/o Office of Sponsored Research 
3900 University Blvd 
Tyler, TX  75799 
 
I understand that I may contact Dr. Duke with questions about research-
related injuries. 
 
17.  CONSENT/PERMISSION FOR PARTICIPATION IN THIS RESEARCH 
STUDY 
 
I have read and understood what has been explained to me. I give my 
permission to take part in this study as it is explained to me. I give the study 
researcher permission to register me in this study. I have received a signed copy 




_____________________________   _ ___  _ __________      
Signature of Participant  Date 
 
____________________________   _______ __________       
Signature of Person Responsible (e.g., legal guardian) Relationship to 
Participant 
_____________________________________  
Witness to Signature  
 
18. I have discussed this project with the participant, using language that is 
understandable and appropriate. I believe that I have fully informed this 
participant of the nature of this study and its possible benefits and risks. I 
believe the participant understood this explanation. 
 
 
  _________________________________ _______________ 












Knee Survey for ACL Project 
Biomechanics Laboratory 
Department of Health and Kinesiology 
THE UNIVERSITY OF TEXAS AT TYLER 
Instructions: This survey asks for your view about your knee. This information will help 
us keep track of how you feel about your knee and how well you are able to perform your 
usual activities. Answer every question by ticking the appropriate box, only one box for 
each question. If you are unsure about how to answer a question, please give the best 
answer you can. 
 
Your Full Name ______________________________________________________  
1. Your Date of Birth _________/___________/___________  
Day          Month   Year  
2. Your Gender: Male Female  
3. Occupation______________________________________ 
4. Sport___________________________________________ 
5. Today’s Date _____________/___________/___________ 
6.  Your height__________   centimeters  inches  
7.  Your weight__________   kilograms   pounds  
8.  Your race (indicate all that apply)  
White   
Black or African-American  
Hispanic  
Asian or Pacific Islander   
Native American Indian   
Other  
9.  How much school have you completed?  
Less than high school  Graduated from high school    
Some college  
Graduated from college  
Postgraduate school or degree  
10.  Activity level  
Are you a high competitive sports person?  
Are you well-trained and frequently sporting?  
Sporting sometimes  
Non-sporting 
11. Date of Injury _____/______/_____ Date of Initial Exam _____/______/_____  
12. Today’s Date _____/______/_____  
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13. Day Month Year Day Month Year Day Month Year  
14. Involved Knee: Right Left  
15. Contralateral: Normal Nearly Normal Abnormal Severely abnormal  
16. Onset of Symptoms: (date) _____/______/_____  
a.                      Day       Month     Year  
17. Chief Complaint: __________________________________ 
18. Activity at Injury:  ADL  Sports  Traffic  Work  
19. Mechanism of Injury:  
Non-traumatic gradual onset  Traumatic non-contact onset  
Non-traumatic sudden onset  Traumatic contact onset  
Ligament Surgery  
20. ACL Repair    Intraarticular ACL reconstruction   Extraarticular ACL 
reconstruction   Other_________________ 
21. Type of Graft  
Patella tendon graft   Ipsilateral   Contralateral  
Single hamstring graft  
2 Bundle hamstring graft  
4 Bundle hamstring graft  
Quadriceps tendon graft  
Allograft  
Other 
Cell therapy  Osteochondral autograft transfer/mosaic-pasty  Other  
22. Total number of previous surgeries_____________ 
 
